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Environmental preferences of invertebrates in larger rivers are assumed to be displayed in their upstream–down-
stream distribution and in their abundance. Near the limits of a species’ distribution, individuals must cope with rather
hostile, energy consuming, environmental conditions. On the contrary, it is assumed that sites with high abundance are
located more in the center of the distribution area and represent more optimal conditions. We hypothesized that at
these sites also the ﬁtness of the animals is better, which should be reﬂected by higher amounts of storage substrates.
We measured the abundance and the energy storage (triglyceride and glycogen contents) of the mayﬂyHeptagenia flava
(Ephemeroptera: Heptageniidae), the leech Glossiphonia complanata (Hirudinea: Glossiphoniidae), and the freshwater
shrimp Dikerogammarus villosus (Crustacea: Gammaridae) along 560 km of the River Elbe during the summers of 2003
and 2004. H. flava and G. complanata reached highest densities upstream while D. villosus abundance increased
continuously towards the river mouth. A model selection approach revealed that the factor sampling site was necessary
to explain the data of energy storage for each species. In H. flava, triglycerides, the most efﬁcient storage substrate,
were observed to reach maximum levels at sites with high abundances. Although D. villosus and G. complanata
followed a similar relation, both species displayed some exceptions from this pattern with highest triglyceride
concentrations at their upstream distribution limit. It is speculated that storage substrates have the potential to become
an important tool in environmental assessment because they yield long-term information about the ﬁtness of a
population, especially in merolimnic species, e.g. mayﬂies. As adult mayﬂies do not feed, the amount of accumulated
energy reserves during the larval life is crucial for their reproductive success and therefore is a very good indicator for
the assessment of a population’s ﬁtness.
It is further assumed that the ﬁtness of the other two species does not depend on the energetic status of a certain
juvenile stage. Their storages can be reﬁlled at any time, if enough food is available. Nevertheless, storage substrates as
well as the total amount of available energy therein are appropriate criteria for the physiological ﬁtness of both species.
They result from long-term effects of the surrounding conditions, but may also reﬂect creeping changes in thee front matter r 2008 Elsevier GmbH. All rights reserved.
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J.H.E. Koop et al. / Limnologica 38 (2008) 378–387 379environment, e.g. consequences of rising temperatures. Therefore, the use of those criteria as an assessment tool for the
physiological ﬁtness of invertebrate populations seems to be very promising.
r 2008 Elsevier GmbH. All rights reserved.
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Every habitat is characterized by a number of
interacting environmental factors. The sum of these
biotic and abiotic factors form the ecological niche, a
multidimensional space, in which a given species or
population can live and reproduce (Wetzel 2001;
Hutchinson 1978). Each environmental factor (e.g.
temperature, pH, ﬂow velocity, availability of resources)
can be attributed to a species-speciﬁc range, in which
these factors can be tolerated, and to an optimum where
organisms are usually most abundant. Hesse (1924)
deﬁned this as the ‘‘ecological valence’’ of the considered
environmental factor. Usually, a mixture of these factors
controls the presence and abundance of a given species.
Further, environmental factors are subject to temporal
and spatial variation at different scales. There are,
however, temporal stable gradients along the course of a
river in some important environmental factors (e.g. ﬂow
velocity, temperature, substrates, oxygen, salinity, qual-
ity and quantity of food), which affect the distribution
of aquatic organisms (river-continuum concept;
Vannote et al. 1980). According to these two basic
concepts in running water ecology, the composition of
the river biocoenosis changes consecutively along the
river with characteristic invertebrate assemblages for
certain parts of the river. From the source down to the
estuary, species predominate in speciﬁc sections of a
river where most of the prevailing environmental factors
are near the species-speciﬁc optimum. In this context, we
assume that the realised ecological niche of a represen-
tative species is reﬂected as the spatial gradient of its
abundance along the course of a river. The river stretch
where the species is present could be regarded as the
range of tolerance. Maximum abundance occurs in that
part of the river where the mixture of environmental
factors is most suitable. Upstream and downstream of
this optimal part of the river abundance declines due to
some factors forcing the animal to higher efforts and to
metabolic compensation. The multidimensional space of
the ecological niche described by many environmental
factors can thus be reduced to only one dimension – the
course of the river. And the ecological valence of a
species is displayed as amplitude of a response variable
such as abundance, ﬁtness, or physiological status along
a certain river.
The width of the tolerance range and therefore the
length of the river stretch where the species can surviveis not only inﬂuenced by the gradient of environmental
factors but also by the physiological and behavioral
strategies of the organisms (Grieshaber et al. 1994). In
the optimum range of environmental factors, the
animals experience the best possible conditions: least
stress and rich food resources. Accordingly, the energy
storages of the individuals (triglycerides and glycogen)
should be high and growth and reproduction at their
maxima. In contrast, besides this optimum, animals
have to face increasing stress by unfavorable environ-
mental conditions. In order to survive a speciﬁc strength
of an environmental factor, animals must be able to
compensate for unfavorable impacts. Of course, such
stress compensation requires additional metabolic en-
ergy (Koop and Grieshaber 2000), thus energy con-
sumption for survival increases until a toleration limit is
reached at the upstream and downstream distribution
margins. Furthermore, a simultaneous degradation of
the food resources may reduce the intake of energy. As a
result, it has to be assumed that animals living close to
their limits of tolerance have considerably lower energy
storages. Their contents of triglycerides and glycogen
should be much lower compared to animals living near
optimum conditions.
The relevance of the interactions between the physio-
logical capacity of species, their distribution, and their
ecological upstream–downstream valence in a river is
poorly known. Even though the concentration of energy
storage components (triglyceride, glycogen) has been
measured for some aquatic invertebrates, sometimes
even under ﬁeld conditions (Meyer 1990; Meier et al.
2000; Cavaletto et al., 2003; Winkelmann and Koop,
2007; Winkelmann et al., 2007) no emphasis was put on
ecological valence and distribution of the studied
species. These studies focused mainly on the effects
of single environmental factors such as food concentra-
tion (Cavaletto et al., 2003) or predator presence
(Winkelmann et al., 2007) on energy storage. Further
it was stated that autecological traits seem to effect
temporal variations and sex-speciﬁc differences in
energy storage (Winkelmann and Koop, 2007). Labora-
tory experiments measuring energy storage components
focused mainly on the effects of food availability
(Hervant and Renault 2002), toxic burdens (Schill and
Ko¨hler 2004) or the inﬂuence of ontogenetic develop-
ment (Thiyagarajan et al. 2003).
With regard to the assumption above, the objective of
our study was to compare the quantity of energy
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assumed that at sites with highest abundances of a
species, storage substrates would be higher than that at
the margins of their distribution area, i.e. sites with low
abundances. We selected species that were known to
have high abundances at different sites along the river
Elbe. Heptagenia flava (Ephemeroptera: Heptageniidae)
and Glossiphonia complanata (Hirudinea: Glossiphonii-
dae) are predominant invertebrates in the upper part of
the River Elbe, whereas Dikerogammarus villosus
(Crustacea: Gammaridae) is predominant in the middle
reach of the river. Additionally, we collected and
investigated specimens upstream and downstream of
those optimum sites. A sampling campaign was con-
ducted along 560 km of the Elbe River in 2003 and 2004.Materials and methods
Study system and ﬁeld sampling
The Elbe River is one of the major waterways in
Central Europe. It originates in the north-west Czech
Republic, traverses the eastern part of Germany before
it ﬁnally ﬂows into the North Sea near Hamburg. Its
total length is 1165 km. When the Elbe River passes the
border between the Czech Republic and Germany,
the river-kilometer count is reset to zero. Therefore, the
sampling site Melnik (Czech Republic) which lies
105 km upstream of the border to Germany is assigned
to river-km 105. Further downstream, sampling sites
were Pillnitz at river-km 43, Strehla at river-km 115,
Klo¨den at river-km 190, and Wittenberge at river-km
456. At each sampling site 8–25 specimens of the mayﬂy
H. flava, the leech G. complanata, and the shrimp
D. villosus, were collected. Immediately after collecting,
the animals were calmed with CO2 saturated water. By
using a stereo microscope, species were identiﬁed and
measured (body length). For H. flava and D. villosus the
sex also was speciﬁed. Afterwards, the animals were
frozen in liquid nitrogen (196 1C) and transported to
the laboratory where they remained in a freezer (75 1C)
until the ﬁnal analysis of the storage components.
Data of the long-term invertebrate monitoring of the
Federal Institute of Hydrology (Koblenz, Germany)
were used to link the physiological status of the
organisms with their abundance. These data comprise
samples regularly collected at 21 stations between the
Czech border and Cuxhaven near the river mouth
(Scho¨ll and Balzer 1998). During those annual sampling
campaigns, substratum of the river bottom was collected
using a commercial hydraulic power shovel excavator
equipped with a clamshell grab (Tittizer and Schleuter
1986). Quantitative sub-samples were then collected
from the undisturbed substrate surface. The substratumis removed directly from the surface of the sample from
was area delimited by a pierce frame (0.125m2). To
separate organisms from the substratum, stones were
brushed using a soft brush in a water-ﬁlled vessel.
Afterwards, the samples were preserved in 70% ethanol
(Wetzel et al. 2005) and transported to the laboratory
for identiﬁcation and further sample processing.
Analysis of the storage substrates glycogen and
triglycerides
Individual contents of triglycerides and glycogen were
determined with enzymatic assays from whole-animal
extracts. For triglycerides, the animals were lyophilized
for 24 h. The following homogenization, extraction and
determination were made as described in Winkelmann
and Koop (2007). Glycogen was determined enzymati-
cally as Glucose after hot extraction of the animal tissue
followed by enzymatic cleavage (amyloglucosidase)
according to Bergmeyer (1985) and Winkelmann and
Koop (2007).
Data analysis
To compare triglyceride concentrations (mmol g1) of
this study with the literature (mostly mg g1), the data
had to be transformed. Therefore palmitin, the most
frequent fatty acid occurring in animals (Wieser 1986),
was taken as representative fatty acid within the
triglycerides (molar mass of tripalmitin: 809 gmol1).
Additionally, often only the total-lipid content was
determined in previous studies. The share of triglyceride
in the total lipid ranges in gammarids between 40% and
70% and in mayﬂies between 50% and 65% (Meier
et al. 2000). For late larval stages of Hexagenia spp., this
portion is quoted at 60–80% (Cavaletto et al., 2003). To
compare these results with our data, we assumed a mean
share of 50% for gammarids and 70% for mayﬂies. The
ratio of fresh weight to dry weight was obtained by
dividing mean fresh weight of all individuals by the
mean dry weight (G. complanata: 5.0, H. flava: 4.9,
D. villosus: 4.1). These transformations enabled us to
calculate the total amount of stored energy for each
species. Both sexes were analyzed separately for H. flava
and D. villosus; G. complanata is a hermaphrodite.
To evaluate abundance gradients of the three species,
data from the annual invertebrate sampling by the
Federal Institute of Hydrology were used. Unfortu-
nately, no abundance data are available for the sampling
site Melnik in the Czech Republic. Data of the different
sampling sites were averaged for every 100 km stretch of
the river Elbe to account for the high spatial variability.
Further, annual samples were pooled from 1998 to 2002
to account for temporal variability (total samples per
100 km 42–210).
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Fig. 1. Mean abundance and standard errors of H. flava
(larvae), D. villosus and G. complanata along the course of the
river Elbe. Data were pooled for each 100 km stretch and over
the ﬁve sampling years (1998–2002). The total number of
samples is indicated in the upper plot.
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effect of the study year, the sampling site, and the sex of
the animals on the concentrations of storage substrates
(Johnson and Omland 2004; Hobbs and Hilborn 2006).
This approach may be used to identify a single best
model from a set of competing models. Adopting this
approach is a promising alternative to traditional null
hypothesis testing (e.g. ANOVA), especially when more
than one hypothesis is plausible as this is often the case
in ecology. Starting with the full linear model containing
all factors (f1: sex, f2: study year, f3: sampling site) and
possible interactions in dependence of glycogen or
triglyceride concentration (y) according to the experi-
mental design (yf1 f2 f3), we derived simpliﬁed
models omitting one or more factors or the interaction
between them. The model with the lowest AIC (Akaike’s
Information Criterion) was regarded to represent the
best model to describe the measured data out of
the candidate model set. All factors and interactions of
the model selected by this approach are then assumed to
be necessary to explain the data. Therefore, these factors
affect the response variable measured. Where appro-
priate, data were transformed to achieve normal
distribution and homogeneity of variances (exp 0.2).
For G. complanata, simple one-way ANOVAs were used
because the factor sex was not relevant and not enough
animals were found in the second year of the study.Results
Abundance gradients
The abundances of D. villosus were almost a
magnitude higher (114–612 Indm2) compared to the
other two species (H. flava: 2–8 Indm2; G. complanata:
2–20 Indm2) and increased steadily downstream. In
contrast, H. flava and G. complanata had low abun-
dances in the lower reach, but high abundances further
upstream (Fig. 1). In spite of the lack of reliable data for
the upper reach of the river Elbe, we assumed that the
abundance maximum of G. complanata lies between
river-km 100 and 200 while the maximum of H. flava
might be close to the Czech border, km 0.
Energy storage: triglycerides and glycogen
For H. flava and D. villosus, the amounts of the
energy storage components triglycerides and glycogen
changed along the course of the river Elbe (Figs. 2 and
3). H. flava larvae showed lower triglyceride concentra-
tions at the upstream site (km -105) and the downstream
site (km 190) and highest values in between (Fig. 2).
Triglycerides in G. complanata and D. villosus showed
the opposite pattern, lowest values at the centralsampling sites and highest concentrations at the upper-
most and lowest site (Fig. 2). Although the described
patterns were consistent for both sexes of H. flava and
D. villosus, there was a clear difference in the measured
triglycerides values: males exceeding females in H. flava
(males: 38.7 mmol g1, females: 25.8 mmol g1, n ¼ 53
and n ¼ 76, respectively) and the other way round in
D. villosus (females 16.6 mmol g1, males 10.7 mmol g1,
n ¼ 100 and n ¼ 74, respectively) (Fig. 4A). Glycogen
data showed similar patterns, but were less pronounced
in their differences between sample sites (Fig. 3) as well
as between sexes (Fig. 4B).
The models listed in Table 1 represent the simplest
models that reasonably well explained the measured
data (marked by the lowest AIC of all models of the
candidate set). All factors and interactions included in
such a model are assumed to affect the response variable
in question. Thus, because the factor sampling site
always occurred in the simplest model, it is likely that
the part of the river where the sample was taken had the
greatest effect on triglyceride and glycogen concentra-
tions of H. flava and D. villosus (Table 1). Also,
sampling site turned out to signiﬁcantly affect the
triglyceride concentration of G. complanata but not
glycogen (ANOVA, Table 2). Next, the factor year was
necessary to explain the triglyceride concentrations of
H. flava and the concentration of both energy storage
components of D. villosus (Table 1). However, an
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Fig. 2. Mean values and standard errors of triglyceride
contents of H. flava (larvae), D. villosus and G. complanata.
Data of both study years (2003/04) are pooled and the total
number of samples is indicated in the plot. To facilitate the
relation with the abundance pattern, the mean abundance is
added as gray line plot to the right y-axis.
Fig. 3. Mean values and standard errors of glycogen contents
of H. flava (larvae), G. complanata, and D. villosus measured as
concentration of glycosyl units. Data of both study years
(2003/04) are pooled and the total number of samples is
indicated in the plot. To facilitate the relation with the
abundance pattern the mean abundance is added as gray line
plot to the right y-axis.
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possibly different effect of the sampling site in the two
study years was only found for the glycogen concentra-
tion of D. villosus. Possibly this year:site interaction was
caused by the lack of data at the uppermost site
(Melnik) in 2003. The factor sex was necessary to
explain the variance of triglyceride of D. villosus and
both energy storage components of H. flava (Table 1).
Comparing the contents of storage components
between the taxa revealed species-speciﬁc differences.
The mean glycogen content of G. complanata was much
higher (130 mmol glucose g1) than in D. villosus and
H. flava (26 and 28 mmol glucose g1, respectively;
Figs. 4B and 5). Additionally, the variability of the
glycogen concentrations of G. complanata seems to be
much higher compared with the other two species.Regarding triglyceride storage, the highest content was
found in larvae of H. flava while G. complanata and
D. villosus had lower triglyceride contents (Figs. 4A and 5).Discussion
We hypothesized that the amount of stored energy
(glycogen, triglycerides) of the mayﬂy larvae H. flava,
the amphipod D. villosus and the leech G. complanata
should be higher in their distribution center compared to
their distribution margins because individuals living
near optimal environmental conditions should be able to
store more energy than organisms facing a rather hostile
environment. Differences in the concentrations of the
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Fig. 4. Contents of storage substrates triglycerides (A) and glycogen (B) in H. flava (larvae), G. complanata and D. villosus. Data of
both study years (2003/04) and all sites are pooled to enable the comparison of the variability of substrate concentrations between
the three species. The total numbers of samples are indicated in the plot.
Table 1. Best models resulting from a model selection approach starting with the full 3 factorial model (dependent  sex
year site) describing the effects of the factors sex, sampling year and sampling site on the storage components glycogen and
triglycerides
Species Dependent Model AIC
H. flava Glycogen sex+site 605.43
Triglycerides sex+year+site+sex:year 726.55
D. villosus Glycogen year+site+year:site 532.45
Triglycerides sex year site 626.03
AIC: Akaike0s Information Criterion.
Table 2. Results of the ANOVAs to the effects of the sampling site on the glycogen and triglyceride concentration of G. complanata
Source of variation df ss F p
Glycogen Sampling site 3 23,834 1.11 0.3624
Error 29 2,08,233
Triglycerides Sampling site 3 122 5.23 0.0048
Error 31 242
Signiﬁcant p-values are indicated using bold font (df: degrees of freedom, ss: sum of squares, F: F-value, p: p-value).
J.H.E. Koop et al. / Limnologica 38 (2008) 378–387 383storage substrates triglyceride and glycogen along the
course of the river Elbe were found for all three species,
as it is shown by the factor ‘‘site’’ contained by allmodels best describing the data or by signiﬁcant
p-values, except glycogen in G. complanata. The mayﬂy
H. flava followed the expected pattern. Its maximum
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Fig. 5. Average energy storage of H. flava (larvae), G. complanata and D. villosus, glycogen in black and triglycerides in gray. Mean
values transformed to kJ g1 DM by 2840 kJmol1 glucose and 9770 kJmol1 palmitic acid, n values as indicated in Figs. 3 and 4.
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est abundance. D. villosus and G. complanata also
seemed to follow this scheme, e.g. triglycerides increas-
ing from river km 0 to 450 in parallel with its abundance
in the case of D. villosus (Fig. 2) or highest glycogen
concentrations at a high abundance of G. complanata
(Fig. 3). However, both species also showed some
exceptions from this ‘‘rule’’. Especially the high trigly-
ceride and glycogen values of D. villosus and the high
triglycerides in G. complanata at Melnik (Czech Repub-
lic) do not support the hypothesis. In the case of
D. villosus, this may be due to its recent invasion of the
upper Elbe. We did not ﬁnd any specimens at Melnik in
2003, so triglyceride data for D. villosus at Melnik were
from 2004 only. Because of its very aggressive behavior,
D. villosus is predominantly carnivore (Po¨ckl, 2007).
Therefore the high concentrations of the storage
compounds in Melnik possibly resulted from the rich
supply of easily available prey (e.g. Asellus aquaticus or
Gammarus tigrinus, Dick and Platvoet, 2000) after the
recent invasion. Presumably this rich food supply will
decrease within the following years after its establish-
ment in the Czech part of the Elbe. For G. complanata
the triglycerides are of minor importance since most of
its energy is stored as glycogen (Fig. 5).
For H. flava, high amounts of stored energy are
necessary to ensure sufﬁcient reproduction, because
energy uptake and reproduction are temporally sepa-
rated. Mature nymphs and imagines of mayﬂies do not
feed. All the energy needed for emergence, ﬂight and
reproduction must be stored during larval life. On the
contrary, D. villosus and G. complanata reproduce
continuously and in parallel to energy uptake (Sawyer
1986; Kley and Maier 2006; Po¨ckl, 2007). Their growth
and reproduction can be constantly fuelled from stored
substrates if enough food is available. Thus, the need for
a climax in energy storage is not that pressing and it is
no surprise that the total amount of energy stored by
D. villosus was lower than in H. flava (Fig. 5). The
amount of energy stored as glycogen was similarbetween mayﬂies and amphipods, but more triglycerides
were stored by mayﬂies (Fig. 5). The species-speciﬁc
differences in the storage of triglycerides and glycogen
mainly result from different requirements of the
different life histories on their energy metabolism. In
the case of mayﬂies, the stored energy must be light-
weight because energy demands to gain an adult life
span as long as possible is correlated to efﬁcient energy
consumption during the mating ﬂight (Nation 2002;
Nachtigall and Wisser 2006). Therefore, a high energy
density in the tissue next to a simultaneously low ﬂight
weight is advantageous to the imagines. Since the energy
content per weight unit of triglyceride is much higher
than that of glucose (39 vs. 16 kJ g1), it is appropriate
to accumulate triglycerides as the main storage sub-
strate. As revealed in this study, older larval stages of
H. flava in the river Elbe indeed preferred triglycerides
for energy storage: 75% in males and 71% in females
(Fig. 5). Although D. villosus also uses triglycerides as
the main energy reservoir, more energy is stored as
glycogen, 39% and 49% for males and females,
respectively (Fig. 5). Presumably, this is due to their
higher mobility compared to H. flava because mobiliza-
tion of energy from the glycogen pool is faster than from
the triglycerides. The values of the presented data ﬁt well
to the previously published data of glycogen and
triglyceride concentrations (Tables 3 and 4). Yet, since
most ﬁeld data represent seasonal means and the
seasonal variability of triglyceride concentrations is high
(Cavaletto et al., 2003; Winkelmann and Koop, 2007),
the difference between both groups may change between
seasons.
However, the highest amount of stored energy was
found in G. complanata (Fig. 5). We assume that this, as
well as the high variability of substrate concentrations,
is due to the leeches ‘‘life-style’’. They frequently have to
withstand longer periods of starvation before they get
access to fresh food from a new host (Sawyer 1986;
Young and Spelling 1989; Young et al. 1993; Martin
et al. 1994). In contrast to the other two species,
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Table 3. Mean values and standard deviation of glycogen (as proportions of dry weight) of individual invertebrate organisms
Glycogen
Species n (%) Author
Dikerogammarus villosus 182 2.0 71.3 *
Gammarus fossarum 30 9.9 Hervant et al. (1995) (lab)
Gammarus pulex 335 1.7 71.3 Winkelmann et al. (2007)
Heptagenia flava 143 2.3 70.8 *
Hexagenia spp. (Lake St. Clair) 150 5.8 Cavaletto et al. (2003)
Hexagenia spp. (Lake Erie) 161 4.0 Cavaletto et al. (2003)
Rhithrogena semicolorata 116 2.0 71.0 Winkelmann and Koop (2007)
Ephemera danica 130 1.6 71.1 Winkelmann and Koop, (2007)
Glossiphonia complanata 39 11.7 78.0 *
Hirudo medicinalis 12 7–9 Schmidt and Zerbst-Borroffka (1993) (lab)
n: number of samples analyzed. * Results of the present study.
Table 4. Mean values and standard deviation of the proportions of total lipid and triglycerides per dry mass of individual
invertebrates
N Total lipid (%) Triglycerides (%) Author
Dikerogammarus villosus 168 n.a. 1.270.7 *
Gammarus lacustris (females) 8–18 (3–13) Wilhelm (2002)
Gammarus pulex 77 6.172.2 3.8 Meier et al. (2000)
Gammarus pulex 183 n.a. 1.771.9 Winkelmann et al. (2007)
Gammarus sp. (marine species) 4 n.a. Barnes and Blackstock (1973)
Gammarus pseudolimnaeus 5 8.071.5 (3–6) Herbes and Allen (1983)
Gammarus fossarum 10 1.8 1 Hervant et al. (1999) (lab)
Heptagenia flava 142 n.a. 2.571.2 *
Baetis spp. 15 (7–10) Reinecke and Owen (1980)
Baetis spp. 2 18 (9–12) Hanson et al. (1985)
Ecdyonurus sp. 41 7.073.2 4.5 Meier et al. (2000)
Epeorus sylvicola 76 9.170.7 (4–6) Meyer (1990)
Hexagenia sp. (Lake St Clair) 517 9.7 (6–8) Cavaletto et al. (2003)
Hexagenia sp. (Lake Erie) 615 9.1 (6–8) Cavaletto et al. (2003)
Rhithrogena semicolorata 177 n.a. 3.572.0 Winkelmann and Koop (2007)
Ephemera danica 124 n.a. 11.774.4 Winkelmann and Koop (2007)
Glossiphonia complanata 35 n.a. 4.272.9 *
Nephelopsis obscura 475 10–15 n.a. Smith and Davies (1996) (lab)
n: number of samples analyzed. * Results of the present study.() estimates according to the mean share of triglycerides in total lipid. n.a. not analyzed.
J.H.E. Koop et al. / Limnologica 38 (2008) 378–387 385G. complanata stored almost all of its energy as glycogen
(91%; Fig. 5); consequently, it had by far the highest
glycogen concentrations. Presumably, because of the
intermittent availability of food, the glycogen concen-
trations were highly variable (Fig. 4B). It is likely that
leeches generally store more glycogen than other stream
invertebrates because they need high amounts of quickly
accessible energy for their intense swimming activities in
order to get onto a new host rather than lipids for
enduring locomotion. Since there are only a few data on
storage substrates of leeches so far, it seems promising
to conduct further research analyzing the response ofglycogen concentrations to different environmental
conditions and during starvation.
The sex-speciﬁc differences in energy storage may be
explained with the different energy expenditure patterns
in reproduction. The energy consumption for reproduc-
tion takes place at different times in males and females
in both species (H. flava and D. villosus). Female
mayﬂies produce yolk-rich eggs already in the older
larval stages. The production of the yolk proteins
(lipoglycoproteins) consumes a large portion of the
stored lipids (Cavanoso et al. 2001). This energy is
invested into reproduction, but it is no longer accessible
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males invest less energy in gonads. Instead, they need
the bulk of energy during the mating ﬂight (Sartori
1993), because the alary muscles of mayﬂies are supplied
with energy directly through the decomposition of lipids
(b-oxidation of fatty acids; Gewecke 1995). Therefore,
male H. flava larvae store more triglycerides than
females (Figs. 3 and 5). In the case of D. villosus,
females have larger lipid deposits. This, too, can be
explained by reproductive behavior. Because mating is
only possible shortly after molting, the male guards a
female until the next molt (pre-copula stage; Birkhead
and Clarkson 1980; Po¨ckl 1992, 2007). Accordingly,
males have to invest more energy into growth than
females because the chances to reproduce increase with
body size. Further, males cannot feed during the pre-
copula stage, but need large amounts of energy for
locomotion.
With the present knowledge of the energy budget of
invertebrates, the evaluation of the energy storages has
still much uncertainty. Temporal variability of energy
storage components may be considerable (Hexagenia
sp.: 20–30% of dry mass Cavaletto et al., 2003 Ephemera
danica: 10–33%, Rhithrogena semicolorata: 12–14%
Winkelmann and Koop, 2007; Gammarus pulex:
36–60% Winkelmann et al., 2007). In addition, until
now for most species little is known about the
magnitude of spatial variability of energy storages.
A reliable evaluation of energy storage that allows to
derive conclusions about habitat quality requires in-
depth studies of the ontogenetic as well as the spatial
and temporal variability in their dependence on
environmental conditions.Conclusion
The present study conﬁrms that the amphipod
D. villosus, the leech G. complanata and larvae of the
mayﬂyH. flava had higher energy storages at places with
high abundance in the River Elbe.
Larvae of H. flava are suitable for environmental
monitoring and assessment purposes in particular.
Especially, triglyceride concentrations shortly before
emergence give valuable information about the mean
ﬁtness of the population. This is likely to be true for all
merolimnic insect species, since most of the energy
needed by the adult has to be gathered during the larval
stages. It should be possible to measure the energy
budget of mature larvae with a single sampling
campaign if the time period of emergence can be
estimated. In addition, most of the animals can
be collected from the riverbanks. With regard to these
points, investigations could be cheap and quick. On the
other hand, if the magnitude of seasonal variations isknown, energy reserves of other species, like amphipods
and leeches, are also very valuable because they are
present inside the rivers all year round.
We expect that to estimate amounts of storage
substrates becomes a powerful tool for the investigation
and the assessment of ecological impacts to aquatic
biocoenosis, because the storages integrate environmen-
tal effects on species ﬁtness on a long-term scale.
Further they might be useful to discover creeping
environmental changes, e.g. deriving from global
warming, earlier than a distortion in biocoenosis.References
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